Differences in biological responses to exposure to hazardous airborne substances between children and adults have been reported, suggesting children to be more susceptible. Aim of this study was to improve our understanding of differences in susceptibility in cancer risk associated with air pollution by comparing genome-wide gene expression profiles in peripheral blood of children and their parents. Gene expression analysis was performed in blood from children and parents living in two different regions in the Czech Republic with different levels of air pollution. Data were analyzed by two different approaches: one method first selected significantly differentially expressed genes and analyzed these gene lists for overrepresented biological processes, whereas the other applied the T-profiler tool to directly perform pathway analyses on the total gene set without preselection of significantly modulated gene expressions. In addition, gene expressions in both children and adults were investigated for associations with micronuclei frequencies. Both analysis approaches returned considerably more genes or gene groups and pathways that significantly differed between children from both regions than between parents. Very little overlap was observed between children and adults. The two most important biological processes or molecular functions significantly modulated in children, but not in adults, are nucleosome and immune response related. Our study suggests differences between children and adults in relation to air pollution exposure at the transcriptome level. The findings underline the necessity of implementing environmental health policy measures specifically for protecting children's health.
Introduction
There is growing evidence of the adverse impact of air pollution on children's health (1) (2) (3) . In particular, upward trends in childhood cancer have raised concern; an association has been reported between geographical, and therefore related environmental, burdens and childhood cancer incidence (4) . In addition, a publication by the Children's Health Study in California (USA) reported on environment-induced early-life risk factors for the development of childhood asthma (5) . These studies emphasize the need to investigate the role of environmental exposure in the etiology of such diseases.
It has been suggested that rapid growth and development as well as anatomical and physiological changes in various organs and biological systems during childhood lead to increased susceptibility to hazardous environmental compounds (6, 7) . For children, relatively high intake of air, activity patterns, immaturity of the lungs and the immune system, as well as of the metabolism have all been reported to increase environmental health risks (3) . Furthermore, induction of genetic damage early in life may increase risk of carcinogenesis in later life (8, 9) . This is underlined by few studies applying the molecular epidemiological approach of assessing biomarkers for environmental health risks among children and adults, which suggest a higher susceptibility of children (10, 11) .
Biomarkers that are currently in use in molecular (cancer) epidemiology because of their association with disease end points do, however, not necessarily provide mechanistic information on health effects. Furthermore, any classic biomarker of effect provides information only on a single end point of disease, thereby limiting conclusions on integrated environmental health risks. Whole-genome gene expression analysis through toxicogenomics is arising as a promising new tool to overcome these disadvantages (12) (13) (14) . Toxicogenomic analysis provides a means to gather information both at the generic and at the mechanistic level, by simultaneously studying (changes in) expression of many genes in response to xenobiotic exposure.
Consequently, the main objective of the current study was to investigate whether children and adults, their parents, respond differently to air pollution at the transcriptome level. Therefore, we analyzed genome-wide gene expression in blood using Agilent Human 22k oligonucleotide microarrays. Differential gene expression profiles were compared between individuals from two regions in the Czech Republic with considerable differences in the levels of air pollutants, especially during winter; Teplice and Prachatice (15, 16) . We analyzed transcriptomic data for significant enrichment of biological pathways, processes or functions by applying two different approaches: the one method first selected significantly differentially expressed genes and fed those into the Expression Analysis Systematic Explorer (EASE) pathway-finding tool, whereas the other applied the recently developed T-profiler tool which performs pathway analyses directly on the total gene set without any preselection of significantly modulated gene expressions (17) . In addition, for the purpose of phenotypic anchoring, we investigated correlations of gene expression profiles with lymphocytic frequencies of micronuclei (MN), a validated biomarker for genotoxic risk of environmental exposure (18, 19) , in order to identify genomic responses indicative for environmental carcinogenesis which is relevant in view of the presence of carcinogenic polycyclic aromatic hydrocarbons (PAHs) in air (Table I) .
Materials and methods

Study population
The local ethical committee at the Institute of Experimental Medicine AS CR in Prague approved the study protocols. Table I shows the characteristics of the study population. Twelve families inhabited the polluted area of Teplice, whereas the others were enrolled from the rural and cleaner area of Prachatice (20) . Twenty-four parents donated blood for this study. Gene expression profiles of 47 children were available from our previous study (21). To safely collect and store blood for RNA stabilization, the PAXgene Blood RNA System (PreAnalytix, Hilden, Germany) was used as this provides instant ex vivo RNA stabilization.
The populations in Teplice and Prachatice have been followed up for health risk research since 1997. The current study population was recruited via two pediatricians in Teplice and one pediatrician in Prachatice. The requirement was to select twelve families from each district, each family having two children who have lived in the regions for the entire lives. Refusal rates were $20%. Pediatricians informed all parents on the study aims before they gave written informed consent prior to the study. Personal information was obtained from pediatrician records and checked with the parents upon blood collection.
In both districts, the recruited families had similar incomes of average height. Therefore, differences in socioeconomic levels are considered negligible in the two populations. For three families, it was not possible to obtain blood from the mother; therefore, the father donated blood. There were no significant differences in age or gender between the study populations from both regions.
Exposure assessment
Sampling of outdoor air was performed during winter, as the levels of air pollution in Teplice and the difference in concentration with the Prachatice area are known to be highest in that season. During the periods of air sampling in the residential areas, condensation particle counters (TSI, model 3007) determined the concentrations of ultrafine particles (0.01 to .1 lm) in the ambient air at two stationary air quality monitoring stations. Sampling at the stations in each city took place simultaneously to sampling in the residential areas. Time series of the levels of common air pollutants, i.e. particulate matter (PM) PM 2.5 and PM 10 (22, 23) , including local background subtraction, log2 transformation, LOWESS normalization and omitting low-abundance genes with ,2 signal-to-background ratio and genes with ,70% present data. We conducted our data analysis following two different approaches. The first approach was to primarily capture individual gene expression modifications that statistically significantly differed between individuals from both areas using GEPAS and to use these lists to perform pathway enrichment analysis. Lists of significantly differentially expressed genes (all genes returned from GEPAS with an unadjusted P-value ,0.05) were fed into EASE (24) for analysis of overrepresented biological processes or molecular functions.
The second approach comprised T-profiler analyses to identify responsive gene groups or networks within the entire data set. T-profiler uses the unpaired t-test to score changes in average transcriptomic activity of predefined groups of genes within a single expression profile and expresses the significance of the change as a t-value (17). This approach does not preselect significantly modulated gene expressions but is based on the complete gene expression profiles. Thereby, all expression changes, also those that are non-significantly modulated, are incorporated to determine significantly overrepresented and biologically relevant pathways. For T-profiler analysis, we filtered the microarray data set using another, more stringent method to remove low-intensity spots; a spot intensity of ,10% of the average intensity of all spots of the same array was taken as threshold. In total, 7199 spots showed a low intensity in at least 83% of the arrays (five of six arrays used for this filtering) and were removed from the data set. To reduce the influence of genes with extreme expression changes, which may result in false positives or false negatives, we discarded the highest and lowest expression values in each gene group. For pathway identification, we used Gene Ontology (GO; ftp://ftp.ebi.ac.uk/pub/ databases/GO/goa/HUMAN/gene_association.goa_human.gz) and the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg-bin/show_ organism?menu_type5 pathway_maps& org5hsa) gene groups and gene groups developed for Gene Set Enrichment Analysis (http://www.broad.mit. edu/cancer/software/gsea_beta/msigdb/cards_ index.html). We have uploaded raw and transformed data files into the Gene Expression Omnibus (series record number GSE7543) at http://www.ncbi.nlm.nih.gov/GEO.
Correlations of gene expression with MN frequencies MN frequencies in peripheral blood lymphocytes from children and their parents have been reported previously (25) . To evaluate associations of gene expressions with MN frequencies (Pearson correlation), we applied the GEPAS T-Rex tool. Additionally, we classified children and parents into quartiles according to their MN frequencies and subsequently analyzed the lowest and highest quartiles of the subpopulations for differential genetic pathways using T-profiler.
Results
Pathway finding upon preselection of genes with significant differential expression between regions
The numbers of genes that passed the filters in GeneSight and GEPAS were 20 062 for the children and 19 197 for the parents. Considerable numbers of genes appeared differentially expressed between children as well as adults from the Teplice area as compared with the Prachatice area. In addition, children from Teplice were observed to show a higher number of significantly differentially expressed genes as compared with their parents; most of the genes being upregulated, whereas most of the significantly differentially expressed genes in the parents appeared downregulated. Unadjusted P-values were used as GEPAS returned no genes with adjusted P-values ,0.05. Although the numbers of genes found in the parents might in theory all be false positives, the numbers found in the children are well above the theoretically expected number of false positives. At P , 0.01, children ). Analysis of these lists of genes by the EASE pathwayfinding tool identified more significantly enriched biological processes or molecular functions in children than in parents. In addition, overall EASE scores were lower in the children, showing higher significance of affected pathways. The three most significantly enriched (overrepresented) biological processes or molecular functions identified by EASE in children and in parents are summarized in Table II . In view of the larger sample size of children in comparison with their parents, we evaluated 10 random subsamples, existing of 11 or 12 Teplice children statistically tested against 12 Prachatice children. The numbers of genes significantly differing between these subsamples of Teplice and Prachatice children were always higher than in the parents. A substantial overlap (25 genes) was observed between these heterogeneous subsamples. EASE analysis on two of the subsamples was conducted, which delivered a similar result as described above for the total population of children, in terms of overrepresented processes and functions, such as nucleosome-related terms. We therefore conclude that differences in sample size between children and their parents have no impact.
Assessment of genes modulated in the same direction in children and in parents (P , 0.01) delivered two genes upregulated and three genes downregulated in both groups. At P , 0.05, 43 genes were similarly affected in children as well as in their parents; 8 genes upregulated and 35 downregulated. Among the five genes found at P , 0.01, in children and parents, three were functionally associated with immune or inflammatory response.
A possible gender effect was investigated by looking for the formation of specific male or female clusters in hierarchical clustering analysis (data not reported) based on genes that significantly differ in expression between Teplice and Prachatice individuals. No such clusters were observed. In addition, the same hierarchical clustering analyses showed that smokers did not cluster together; therefore, we do not suspect interference by smoking.
For additional analysis and comparison of the degree of gene expression induction or repression (fold changes), expression of each Teplice individual versus the average expression of Prachatice individuals was calculated separately for children and parents (using the data set in which 7199 low-intensity spots were removed). The number of Teplice individuals with upregulated gene expression versus the average of the Prachatice group was calculated as well as the number of Teplice individuals with downregulated gene expression versus the average of the Prachatice group. The numbers of genes according to their fold changes are summarized in Figure 1 . Genes were only regarded when e.g. the number of individuals with .1.23-fold upregulation minus the number of individuals with .1.23-fold downregulation for the same gene was at least 11 in children and 6 in parents (half the population size). Overall, these fold changes show no considerable differences between children and adults.
Network analysis without preselection of significant gene expressions For T-profiler analyses, the mean expression per gene was compared between the group of Teplice children and the group of Prachatice children or between the group of Teplice parents and the group of Prachatice parents. This returned ratios of Teplice/Prachatice, which were entered into T-profiler. The GO gene groups that were found to be significantly different between children from Teplice and Prachatice were 'nucleosome' (upregulated in Teplice children) as well as 'immune response' and 'response to virus' (downregulated in Teplice children; Table III ). Specificity of T-profiler results was assessed by performing the same analysis in the group of Prachatice children only, which was split into two random groups of equal size. The pathways that were observed as significantly different between these groups were 'deducted' from those observed to differ between the total groups of Teplice and Prachatice children, leaving nucleosome and immune response as specifically responsive to air pollution as they did not show in the Prachatice subgroup analysis. In the parents, T-profiler identified no GO gene groups differentially expressed between individuals from Teplice versus Prachatice.
T-profiler analyses were also performed using motif/transcription factor-associated gene groups, which also delivered no significant results for the parents. In Teplice children, however, five significant downregulated motif gene groups were identified which were all associated with binding by interferon (IFN) regulation factors, therefore being responsive to IFN (Table III) . Figure 2 depicts a heatmap comparative overview of GO and motif gene groups significantly modulated in at least one individual for children, none of these pathways being significantly affected in parents. No similarities or overlap Higher susceptibility of children to air pollution between gene groups in children and parents were demonstrated, indicating a considerable difference in genomic response at pathway level between children and adults.
As peripheral blood was used for analysis of genomic responses, gene groups particularly associated with specific blood cell types were evaluated by T-profiler. Nucleosome-related genes, which appeared to be expressed more abundantly in Teplice children than in Prachatice children, showed a lower expression in (Prachatice) individual samples characterized by a high expression of T-cell-specific genes. In addition, low expression of genes in the response to virus and immune response gene groups in Teplice children relative to Prachatice children was associated with high expression of macrophage-specific genes. Figure 2 also depicts a T-profiler analysis on tissue (blood cell)-specific gene groups.
Association of gene expression with individual MN frequencies
Numbers of gene expressions that significantly correlated with MN frequencies as identified by GEPAS (P , 0.05) were 1250 (678 positively and 572 negatively) in children and 499 (167 positively and 332 negatively) in adults. The most significantly overrepresented EASE pathways within the total sets of genes correlating with MN encompassed messenger RNA-related processes such as processing, splicing and binding and protein metabolism in the children (EASE scores from 0.004 to 0.03) and (homophilic) cell adhesion, protein binding and calcium ion binding in the parents (EASE scores 0.0000009, 0.003 and 0.003, respectively).
Upon stratification according to MN frequencies, overrepresentation analysis of gene groups within gene sets significantly differing in expression between the six children with the highest versus the six children with the lowest MN frequencies identified as most significant cell-surface receptor-linked signal transduction, G-protein-coupled receptor protein signaling pathway and cyclic nucleotide metabolism (EASE scores 0.004, 0.004 and 0.005, respectively) among genes upregulated in individuals with high MN. Among genes downregulated in individuals with high MN, the most significantly overrepresented were RNA binding, metabolism and nucleic acid binding (EASE scores 0.000003, 0.000005 and 0.000009, respectively). For parents, these analyses revealed protein binding, transcription factor activity and development (EASE scores 0.005, 0.006 and 0.01, respectively) among upregulated genes and transferase activity, catalytic activity and metallopeptidase activity (EASE scores 0.02, 0.03 and 0.04 respectively) among downregulated genes.
Correlation analysis of gene group expressions and MN frequencies was also performed using T-profiler; however, no significant correlations for children or parents were identified. T-profiler results of the analysis of high MN versus low MN individuals are shown in Table IV ; the most significant results (À20 . t-value . 20) being protein biosynthesis, ribosome and structural constituent of ribosome for the children. In the parents, the gene group with the highest t-value was response to virus (t-value 5 À7.76).
Discussion
Over the past decades, trends of increased incidences of childhood cancer and atopy (4,5) have been observed, which warrant investigation of the actual causes. To our knowledge, the present study is the first to assess susceptibility of children to hazardous environmental exposure in comparison with adults at the transcriptome level. For the current study, blood gene expression profiles of adults were analyzed for genomic responses to air pollution and compared for similarities and differences with gene expressions in their children (21) to enable the comparison of the response with air pollution in children and in adults.
Pathway analysis after preselection of genes with significant differential expression between regions Genome-wide gene expression analysis revealed differences in numbers of genes significantly responsive to air pollution in children and adults. Overall, children exhibited 2-to 3-fold higher numbers of differentially expressed genes than their parents, while more genes appeared upregulated than downregulated. The highest upregulated processes in Teplice children compared with Prachatice children as identified by EASE, e.g. nucleosome and chromatin assembly and disassembly, were not observed among parents and therefore seem specific for children's response to air pollution. In addition, (EASE) analysis yielded very little overlap in responsive genes between children and their parents. This suggests a considerable difference in genomic response to air pollution in children and higher responsiveness in children.
Analysis of the gene expression fold changes in children and adults revealed relatively low numbers of genes with .1.23-fold change (Figure 1 ). This prohibited analysis of overrepresented processes or pathways in these lists of genes. Small fold changes are common in in vivo transcriptome analyses among human populations exposed to Overlap between these groups consists mainly of genes coding for ribosomal proteins.
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environmental compounds, and the changes are not in the same order as in vitro or experimental animal studies (26) (27) (28) . Since in a previous study on gene expression in the children's population as well as a transcriptomic study in the blood of smokers, the expressions of selected genes measured by microarray analyses were confirmed by real-time polymerase chain reaction analysis (21,28), we do not consider the small fold changes as an analytical problem. Furthermore, it has been published that the current microarrays are developed so thoroughly that confirmation by independent methods such as polymerase chain reaction are no longer necessary (29) . Recent reports showed that intraindividual variation in gene expression is considerably lower than the interindividual variation (30) (31) (32) . Therefore, we believe that group differences are due to interindividual differences. In future studies, multiple measurements per individual could shed light on intraindividual variability, allowing to compare this with interindividual differences and group differences between differentially exposed individuals.
Network analysis without preselection of significant gene expressions T-profiler analysis of significantly overrepresented gene sets within the complete data set revealed significantly altered GO gene groups among children (Teplice versus Prachatice children), but not in their parents (Table III and Figure 2 ). In children but not in their parents, T-profiler analysis, in confirmation of results obtained by EASE, identified gene groups associated with nucleosome and immune response as most significant, again demonstrating child-specific responses to environmental exposure. The relevance of the 'nucleosome finding' for children's health is explained by the suggested impact on deregulation of condensation of the DNA, as the nucleosome is the primary structural unit of chromatin. Chromatin is known to play a central role in regulation of gene expression, chromosome replication and cell-cycle progression. In addition, chromatin maintains integrity of the genome by guarding access to the DNA template (33) . The importance of affecting immune and inflammatory response pathways is obvious with respect to children's health; deregulated immune function or reduced ability to respond to pathogens increases risk for an array of (infectious) diseases, including cancer.
T-profiler analysis of the data for motif gene groups identified modulated groups of genes based on a shared motif. Motif groups are defined as genes with a match to a particular consensus motif within 600 bp upstream of the open reading frame, allowing no overlap with neighboring open reading frames (17) . T-profiler revealed significant motif groups in children but again not in parents. Interestingly, five downregulated motif gene groups, among genes downregulated in Teplice as compared with Prachatice children, referred to 'IFN-associated motif gene groups'. The IFN family plays critical roles in the host response to pathogens and members have recently been identified to possess antitumor activity (34) . Our observation of lower expression of gene motif groups related to IFN may suggest impairment of host defense and antitumor activity in children exposed to higher levels of air pollution as compared with children from a less burdened area of residence. This disadvantage at such an early age might be of profound importance for the development of those children and their cancer risk throughout life.
Enrichment of these IFN-related motif groups among significantly differentially expressed genes that are downregulated in Teplice children as compared with Prachatice children is in line with the observed downregulation of GO groups' immune response and response to virus in Teplice children. This suggests that children inhabiting the polluted area may have a weaker immune or defense response. Related to this may also be the observation of significant expression of gene groups associated with different blood cell types; children from the Teplice area expressing significantly lower abundance of genes in the immune response and response to virus groups, exhibited significantly lower expression of genes specific for macrophages. On the contrary, the finding that nucleosome-related genes were more abundantly expressed in children from Teplice may be associated with a lower expression of these genes in individuals with a high expression of T-cell-specific genes. In this aspect, in general, children from Teplice differed from Prachatice children in expression levels of genes specific to neutrophilic granulocytes, T cells, macrophages and early erythrocytes (reticulocytes). Virtually no literature is available on differential gene expression in blood of human populations induced Fig. 2 . Heatmap comparative overview of T-profiler results for children and parents. Gene groups were included based on significance in children as no significant groups were identified in parents.
Higher susceptibility of children to air pollution by environmental factors such as air pollution. Variation in gene expression patterns in human blood has been reported, indicating that specific features of interindividual variation in peripheral blood gene expression patterns were related to variation in the relative proportions of specific blood cell subsets (32). Our observations thus suggest an influence of the exposure on blood cell type distribution and related specific gene expressions, and further investigation of this is warranted. It may be speculated that a shift in cell types itself may represent a severe response to pollution.
Overall, we suggest that the higher numbers of significantly differentially expressed genes and pathways/processes may translate into higher responsiveness to detrimental air pollutants among children.
Association of gene expression with individual MN frequencies MN frequency data were included in the analysis for the purpose of associating gene expression modifications with this validated biomarker of genotoxic effects, which is indicative of cancer risk (18, 19) . We hypothesized that by extracting MN-associated biological processes from the processes or pathways found in the analysis of differential gene expression between individuals from both regions, a selection of pathways associated with environmental carcinogenic risk could be generated. Both statistical analyses identified processes associated with messenger RNA fate (splicing, metabolism and binding) to correlate with MN frequencies among children, which suggest a generic effect in association with chromosomal damage on the translation of genetic messages into functional protein. However, in general, the EASE-and T-profiler-derived processes and functions that are most significantly associated with MN frequencies cannot be interpreted in molecular processes leading to chromosome instability and the subsequent formation of MN.
In summary, it appears feasible to generate discriminative profiles of modulated gene pathways at rather low differences in exposure levels of environmental carcinogens. Our main observation concerns the large differences in genomic response to air pollution between children and parents; in terms of individual genes significantly differentially expressed between individuals from both regions as well as in terms of enriched gene groups identified by T-profiler; all being to a larger extent affected in children than in their parents. Furthermore, children predominantly show upregulation and parents mostly downregulation. Specific pathways responsive in children and not in parents are nucleosome, immune response and IFN-associated motif gene groups, which suggest impacting of air pollution on mechanisms of DNA integrity as well as suppressing of immune function. Very little overlap was seen in genomic responses of children and parents. All this suggests a considerably different response to air pollution among exposed children in comparison with adults. Our findings underline the necessity of implementing environmental health policy measures specifically for protecting children's health.
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